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Photon Orbital Angular Momentum and Proca effects in rotating and charged spacetimes
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We analyze the effect of Proca mass and orbital angular momentum of photons imposed by a structured
plasma in Kerr-Newman and Reissner-Nordstro¨m-de Sitter spacetimes. The presence of characteristic lengths
in a turbulent plasma converts the virtual Proca photon mass on orbital angular momentum, with the result of
decreasing the virtual photon mass. The combination of this plasma effect and that of the gravitational field
leads to a new astrophysical phenomenon that imprints a specific distribution of orbital angular momentum
into different frequencies of the light emitted from the neighborhood of such a black hole. The determination
of the orbital angular momentum spectrum of the radiation in different frequency bands leads to a complete
characterization of the electrostatic and gravitational field of the black hole and of the plasma turbulence, with
fundamental astrophysical and cosmological implications.
PACS numbers: 04.20.-q, 04.70.Bw, 04.90.+e, 42.25.-p
INTRODUCTION
One of the most exotic predictions of Einsteins Theory of
General Relativity are black holes (BH) endowed with elec-
tric charge and consequently with an electrostatic field [1]. In
the general astrophysical scenario, black holes are expected to
be surrounded by a turbulent plasma and, through a selective
capture of charged particles [2], to generate their electrostatic
field that is described in the simplest scenario by the Reissner-
Nordstro¨m metric [3].
When the source of the gravitational field is rotating, the
spacetime behavior changes dramatically, and the Reissner-
Nordstro¨m metric is replaced by the Kerr-Newman metric. In
addition to the effects of the electrostatic field, because of the
rotation, the norm of the timelike Killing field is positive in the
ergosphere that extends outside the BH horizon. The asymp-
totic time translation Killing field, ξ α = (∂/∂ t)α , becomes
spacelike and an observer in the ergosphere cannot remain sta-
tionary even if it is orbiting outside of the BH; observers inside
the ergosphere are forced to move in the rotation direction of
the BH following the lines of field of the electrostatic field.
The spacetime dragging of inertial frames is one of the best
examples of how the Mach principle and General Relativity
(GR) are connected [1]. A rotating BH can be revealed by its
peculiar gravitational lensing connected with the gravitational
Faraday effect: linearly polarized electromagnetic radiation
propagating in a curved spacetime experiences a rotation of
the polarization very similar to the Faraday rotation that oc-
curs when the light is traversing a medium distorted by the
presence of a magnetic field [4]. Recently, it was shown that
rotating black holes cause an additional effect on the phase of
light the lensed that introduce an optical vorticity that depend
on the rotation parameter of the BH [5]. The presence of the
BH electric charge Q has the effect of changing and, in certain
cases, to enhance some of the effects expected in Kerr space-
times [6]. Proposals of detecting the electrostatic charge of
black holes and, more precisely, of the central black hole in
our galaxy have been widely discussed in the literature (see
e.g. Ref. [7] and the references therein).
In natural units, e = G = c = 1, Kerr-Newman space-times
in the Boyer-Lindquist coordinates, (t,r,θ ,ϕ), are described
by the following line element,
ds2 =−
(
1− 2Mr−Q
2
ρ2
)
dt2−
2a
(
2Mr−Q2)
ρ2 sin
2 θdϕdt
+ sin2 θ
(
r2 + a2 +
a2
(
2Mr−Q2)
ρ2 sin
2 θ
)
dϕ2
+
r2 + a2 cos2 θ
∆ dr
2 +ρ2dθ 2 (1)
where the quantities ρ2 = r2 + a2 cos2 θ and ∆ = r2− 2Mr+
a2 + Q2 depend on mass M, electrostatic charge Q and an-
gular momentum per unit mass, a, also known as the black
hole rotation parameter. For a Kerr-Newman spacetime, all
the three parameters satisfy the rotation/charge/mass inequal-
ity, a2+Q2 ≤M2. The presence of a de Sitter term describing
a cosmological constant, Λ, will be discussed only in the non-
rotating scenario.
Photons emitted or passing nearby such black holes are ex-
pected to acquire, because of the presence of turbulent plasma
structures and, eventually, of gravitational lensing, an effec-
tive mass and orbital angular momentum that acts as a mass
reducing term [8].
In fact, the acquisition of an effective mass by photons prop-
agating in a plasma is described by the Anderson-Higgs mech-
anism [9, 10] or described in terms of an hidden gauge invari-
ance of the Proca-Maxwell equations preserving Lorentz in-
variance [11]. Photons can acquire an additional virtual mass
term in the presence of a cosmological charge asymmetry [2].
The photon mass is supposed to be acquired through the inter-
action of the photons with a structured plasma [8] surround-
ing the compact object and the presence of massive photons
is expected to modify the spacetime curvature around the BH
[12, 13]. For the sake of simplicity and to give better evidence
to the roˆle of the photon mass, we do not express directly in
the line element the small gravitational perturbation caused by
2the presence of the plasma.
In vacuum, photons are zero-rest mass particles and carry
energy, momentum and angular momentum. The total angular
momentum, J, is given by the sum of the spin S and orbital an-
gular momentum (OAM) L that can be transported to infinity
[14, 15]. In the simplest case, when the plasma is homoge-
neous and characterized by its unperturbed plasma frequency
ωp0, and when the perturbation induced by the photons in
the plasma is also neglected, photons will acquire a mass
m∗ = h¯ωp0/c2, where h¯ and c are the reduced Planck’s con-
stant and the speed of light, respectively. In natural units, this
virtual photon mass coincides with the unperturbed plasma
frequency.
KERR-NEWMAN BH WITH PROCA PHOTON MASS
Let us consider a Kerr-Newman BH surrounded by an as-
trophysical turbulent plasma and, in the first approximation,
neglect the modification of the spacetime curvature caused by
the effect of plasma perturbations. The acquisition of a small
mass term due to the interaction of photons in a plasma around
a black hole will require a modification of Einstein’s equations
because the Proca stress-energy tensor is not traceless like that
of Maxwell equations.
In this case, the description of electromagnetic phenomena
given by Maxwell’s equations are replaced by Proca equations
∇µF µν + µ2γ = 4piJν (2)
where µγ is the general Proca photon mass, ∇µ is the covariant
derivative, F µν is the Maxwell tensor and Jν the 4-current.
If the plasma is turbulent or has a characteristic spatial struc-
ture identified by a parameter q, it may induce also an orbital
angular momentum ℓ to photons [8]. This term will directly
appear in the Proca mass formulation,
µγ = ωp0 A
√√√√1− 4piδ v˙
E + vˆ ·∇φ
n0 + n˜ f (ℓ,q)
ω2p0 A
2 . (3)
Here, vˆ = v/|v| is the direction vector of the electron velocity
in the plasma, v, which is, according to Ref. [8], considered
to be parallel to the electric field, E. The vector potential of
the EM field is A and δ v˙ = vˆ · ∂tv = |∂tv|. The quantity n0 is
the unperturbed electron density and me the electron mass; the
term n˜ represents the so-called “helicoidal” density perturba-
tion in the plasma that is described by f (ℓ,q) [16]. During the
propagation of a light beam only the total angular momentum,
J, is preserved. When photons are traversing a structured in-
homogeneous medium, plasma inhomogeneity applies torque
to the photons and generate beams of photons carrying OAM
[17].
Massive photons will introduce in the original metric a
Yukawa potential that depends on the electrostatic charge of
the BH, Q, via the term Ξ(Q) describing the charge asymme-
try of the plasma distribution due to the black hole selective
capture. For the trivial model of charged BH, Ξ(Q) = Q2/4pi .
The modified Kerr-Newman metric with massive photons
then becomes
ds2 =−
(
1− 2Mr−Ξ(Q)e
−µγ r
ρ2 + µγ
∫
∞
r
Ξ(Q)e
−µγ r
ρ2 dr
)
dt2
+
(
r2 + a2
ρ2 −
2Mr−Ξ(Q)e−µγ r
ρ2 + µγ
∫
∞
r
Ξ(Q)e
−µγ r
ρ2 dr
)−1
dr2
+ρ2dθ 2 +
[
ρ2 sin2 θ +
(
2Mr−Ξ(Q)e−µγ r
ρ2 +
+ µγ
∫
∞
r
Ξ(Q)e
−µγ r
ρ2 dr
)
a2 sin2 θ
]
dϕ2 + 2asin2 θ ×
×
(
2Mr−Ξ(Q)e−µγ r
ρ2 − µγ
∫
∞
r
Ξ(Q)e
−µγ r
ρ2 dr
)
dϕdt (4)
where ρ2 = r2 + a2 cos2 θ .
Let us consider the simplest case, when an helicoidal per-
turbation in the plasma electron distribution is present In this
case one has a direct correspondence between the spatial dis-
tribution and the orbital angular momentum acquired by pho-
tons in the Proca photon mass by deriving the OAM term ℓ
from the approximation of the Proca mass of Ref. [8] to give
a better evidence to the roˆle of the orbital angular momentum
in the spacetime curvature,
µ2γ =
E
E + vˆ ·∇φ ω
2
p0(1+ ε) (5)
−
1
E + vˆ ·∇φ
(
4piδ v˙
[
n0 + n˜cos(ℓϕ∗+ qr)
]
− 4pi vˆ ·∇φ
)
here ε is the perturbation in the electron distribution and the
term q is the helix step of the “helicoidal” density perturba-
tion in the plasma and ϕ∗ the azimuthal angle measured in
the plane orthogonal to that of the radial coordinate in a local
reference frame. Eq. 6 shows that the photon orbital angu-
lar momentum, ℓ, acts as a negative squared mass term for
the Proca photon mass that clearly reduces the virtual photon
mass.
The distorted geometry of a rotating BH induces OAM to
the massive photons passing nearby independent of the fre-
quency, with the result of modifying the spacetime curvature.
At the first order, the metric will depend on the absolute value
of the OAM acquired, namely
µγ ≃ Pµ − ℓ
Dµ n˜sin(qr)
2 Pµ
(6)
where the constants characterizing the Proca mass are so de-
fined
Pµ =
√
Bµ +Cµ −Dµ cos(qr) (7)
and
Bµ = EE+vˆ·∇φ ω
2
p0(1+ ε) (8)
Cµ = 1E+vˆ·∇φ
(
4piδ v˙n0− 4pi vˆ ·∇φ
)
(9)
Dµ = 4piϕ
∗δ v˙
E+vˆ·∇φ . (10)
3If the plasma density tends to zero, the photon mass, µ → 0
and the Kerr-Newman spacetime is recovered [13].
The interplay between the photon Proca mass and the or-
bital angular momentum of light is known to be valid also
at the quantum level and shows that the sign of the norm
of the metric tensor, ||g||, is preserved and remains positive-
definite for any OAM value of the photon. Following the
Majorana-Oppenheimer formulation of quantum electrody-
namics [18, 19] in the Riemann-Silberstein formalism, the
photon wavefunction G = E± iB [15, 20–22] obeys a Dirac-
like equation with the well-known problems of photon local-
izability [15, 23–25]. The spectrum of these photon states
exhibits a relationship between the total angular momentum,
J, with the “Majorana-mass”, m∗, related to the virtual mass
acquired in the unperturbed plasma [16],
µγ =
m∗
J(ℓ,q)+ 1/2
. (11)
Here, the term J(ℓ,q) is a general function of the orbital angu-
lar momentum of the photon and of the characteristic spatial
scale of the perturbation. This relationship describes a spec-
trum cast in an infinite tower of photon states with positive-
definite mass values that decrease when the total angular mo-
mentum of the particle increases: the higher the value of the
orbital angular momentum acquired by the photon, the lower
the total effective Proca mass becomes, avoiding the photon
to assume arbitrary negative and negative unbounded squared
mass values and preserving the signature of the metric tensor
norm.
Differently from the mathematical structure of the space-
time manifold described by the Lorentz group, in which
space is homogeneous and isotropic and time homogeneous,
a plasma may exhibit peculiar spatial/temporal structures that
breaks the space-time symmetry. The inhomogeneity of
plasma structures and the interaction between photons and
charges in the plasma are actually thought to alter the value
of the Proca mass. This mass term, connected with time in-
variance, exhibits an additional more complicated space/time
invariance that generates the conversion of a fraction of the
Proca mass into photon orbital angular momentum. This phe-
nomenon is independent of the acquisition of OAM generated
by the gravitational field of a rotating BH. In this latter case,
the effect of the structures due to plasma turbulence is that of
changing the value and even the signature of the photon OAM.
Moreover, the mathematical correspondence between the Ma-
jorana solution and the behavior of a photon in a plasma con-
firms the ansatz that OAM states cannot induce a negative
squared mass to photons, but a variation of it will relax the
Yukawa potential of the spacetime curvature.
REISSNER-NORDSTR ¨OM-DE SITTER SPACETIME
Let us extend this result to spacetimes that may be eligi-
ble to describe a cosmological scenario. Spacetimes with a
positive cosmological constant Λ are supposed to be preferred
for the description of the geometry of the Universe at large
scale. Amongst the possible solutions, including that of a
Go¨del universe, related to the Kerr-Newman case already dis-
cussed, we now focus our analysis to those models of space-
time that describe non-rotating universes. An example is the
de Sitter metric or the Reissner-Nordstro¨m-de Sitter (RNdS)
spacetime that describes a geometric support in the presence
of electric charge. This class of solution can be eligible to
provide a rough description of a Universe with accelerated
expansion and a non-zero electric charge. Possible asymme-
tries in the total cosmological electric charge is supposed to be
null or negligible, even if experimental data allow for possible
small deviations without modifying Maxwell’s electrodynam-
ics. The general RNdS line element is given by the quadratic
form
ds2 =−
(
1− 2M
r
−
Λ
3 r
2 +
Q2
r2
)
dt2 +
+
dr2(
1− 2M
r
− Λ3 r
2 + Q
2
r2
) + r2 (dθ 2 + sin2θdϕ2) (12)
If the plasma is located far away from charged bodies,
2M/r ≪ 1 and Λr2 ≪ 1, considering the contribution of the
Proca photon mass µγ and neglecting the second order quanti-
ties, the metrics becomes [12]
ds2 =−
(
1− 2M
r
− 13 Λr
2 + Q
2
r2
e−2µγ r−
2µγ Q2
r
e−2µγ r (13)
− 4µ2γ Q2
∫
∞
r
e−2µγ r
r
dr
)
dt2 +
(
1− 2M
r
− 13 Λr
2 + Q
2
r2
e−2µγ r
−
2µγ Q2
r
e−2µγr + µ2γ Q2e−2µγ r + 2rµ3γ Q2e−2µγ r
)−1
dr2
+ r2
(
1+ µ2γ e−2µγ r + 2µ2γ Q2
∫
∞
r
e−2µγ r
r
dr
)
× (dθ 2 + sin2 θdϕ2).
By including the mass-to-OAM conversion described in Eq.
6 and in Eq. 11, one can show that in the presence of a char-
acteristic spatial scale and electron distribution given by the
turbulence of plasma, the Proca photon mass will decrease the
less the matter distribution in the Universe is homogeneous
and isotropic. The line element will converge to that of the
trivial Reissner-No¨rdstrom de Sitter spacetime. We now ex-
pand the metric coefficient relative to the radial coordinate,
dr2, in the line element of Eq 14 at the second order in ℓ. In
this way better evidence is given to the coupling between the
OAM, acting as a negative mass term, with the cosmological
constant Λ and the electrostatic charge Q,
4(
1+ Q
2
r2
−
2M
r
−
Λr2
3
)−1
(14)
+
36Q2r3 (Pµ − ℓ Dµ n˜sin(qr)/2Pµ)
(3Q2− 6Mr+ 3r2−Λr4)2
+
9r4
(
27Q4 + 42MQ2r− 21Q2r2 + 7ΛQ2r4)
(3Q2− 6Mr+ 3r2−Λr4)3
×
×
[Pµ − ℓ Dµ n˜sin(qr)]2
4P2µ
∼ O
(
1
Λr2
)
+O
(
ℓQ2
Λ2r4
)
+O
(
−ℓ2Q2
Λ2r4
)
+O
(
−ℓQ2
Λ2r5
)
.
What becomes immediately evident is that the coupling be-
tween ℓ and Λ is very weak at large distances from the centre
of mass and the higher power terms turn out to be independent,
and thus invariant, of the BH mass. The most relevant OAM
term in the power expansion of Eq. 15, namely,−ℓ2Q2/Λ2r4,
acts as an effective reducing mass term for the photon mass
which is competing with the other term ℓQ2/Λ2r4 in case
of negative values of ℓ. For the specific case of ℓ = 1 the
two terms tend to compensate each other, with the result that
only terms with higher powers of r act as negative mass terms.
Thus, OAM becomes a subtracting mass mechanism for mas-
sive photons, perceived as a missing mass in Einstein’s equa-
tions that may induce an additional acceleration to that of the
positive cosmological constant. Of course, this effect cannot
be held responsible for the acceleration of the expansion ob-
served with supernova data [26] or be concomitant with the
hypothesized electrostatic repulsion of galaxies discussed in
Ref. [2].
CONCLUSIONS
Photons propagating in a structured plasma acquire mass
and orbital angular momentum because of the hidden gauge
invariance due to the Anderson-Higgs mechanism in Proca-
Maxwell equations. In the presence of a plasma, the breaking
of spatial homogeneity and a characteristic scale length q in-
troduced by the plasma structure, induce a mass/total angular
momentum relationship with the properties of the spin/mass
relationship expected for Majorana particles. Because of this,
the squared-mass term that describes photon OAM cause pho-
tons to acquire a smaller positive squared mass the higher the
OAM value preserving the signature of the metric tensor.
The change of OAM states in the spacetime metric are evi-
dent only at very short distances from the black hole, dramati-
cally modifying and flattening the Yukawa potential expected
from the presence of massive photons for high values of OAM.
The interplay between BH rotation, the acquisition of photon
OAM from spacetime and from the plasma surrounding the
BH will be revealed in the spiral spectrum of the photons emit-
ted nearby the charge, mass, rotation relationship of a Kerr-
Newman spacetime. Moreover, in the presence of a negative
cosmological constant, it becomes evident that the OAM term
may concur with the cosmological constant to an accelerated
expansion because of the decrease of the Proca photon mass.
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